T he pathogenesis of arterial disease commences with the accumulation of lipid-laden cells within the subendothelial layers leading to occlusive intimal plaques in the mediumto large-sized arteries, such as the coronary, carotid, vertebral, aortic, and iliac arteries. 1 These lesions accumulate cellular infiltrate within the intimal layer of the arterial walls 2 and express osteochondrogenic transcription factors, regulating the deposition of extracellular calcium. 3 These lesions seem as raised white areas in the arterial wall 4 and are easily visualized using noninvasive imaging modalities. B-mode carotid ultrasound is a validated, noninvasive, sensitive, and highly reproducible method of directly visualizing and assessing subclinical carotid atherosclerosis, which is not dependent on calcification. [5] [6] [7] [8] The technique involves measuring the carotid wall lumen-intima to the media-adventitia interface, the common carotid artery intimal medial thickness (CCA-IMT), and it is considered as an indication of the degree of generalized atherosclerosis. [9] [10] [11] In addition to CCA-IMT, the presence of any focal plaque throughout the carotid artery and the degree of arterial narrowing by plaque is measured.
lifestyle modifications is an active area of clinical research. A current example is the study of the clinical use of computed tomography (CT)-measured coronary artery calcium to predict future clinical events. 12 However, concerns over the high cost and radiation exposure of CT have limited its use in low to intermediate risk individuals. 13 Low-cost, minimal radiation exposure techniques are, therefore, needed. One such technique is single-energy lateral spine images from a dualenergy x-ray absorptiometry (DXA) machine, which are used to diagnose osteoporosis and predict fracture risk. During a DXA examination, lateral spine single-energy images can also be captured and are currently used to identify vertebral fractures. These images simultaneously capture the presence of abdominal aortic calcification (AAC) that can be assessed by an expert reader to produce an AAC24 score. AAC from these images has been shown to be associated with cardiovascular disease (CVD) events in older individuals [14] [15] [16] [17] [18] and specific patient populations, such as those with rheumatoid arthritis. 19 Previous studies using AAC assessed by high-radiation exposure CT have found AAC is a marker of generalized coronary and extracoronary atherosclerosis burden 20, 21 ; however, no studies have reported the relationship using images captured from a DXA machine.
DXA is recommended for osteoporosis screening, and it is routinely undertaken in the elderly who have a high prevalence of generalized atherosclerosis. Although carotid ultrasound is not routinely recommended as a screening tool for clinical CVD risk, it is an established tool for assessing the burden of generalized atherosclerosis. [9] [10] [11] As such, we sought to investigate whether this low-cost, minimal radiation technique for assessing AAC is related to an established test for generalized atherosclerosis presence and burden.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

Baseline Characteristics
Participants who did not have a readable lateral spine image (n=417) or did not participate in the ancillary study of carotid ultrasound (n=154) or were missing traditional cardiovascular risk factors (n=39) were on average older (P<0.001), more likely to have a history of smoking (P=0.005), diabetes mellitus (P=0.001), and use low-dose aspirin (P=0.002; Supplemental Table I ). An overview of the study is presented in Figure I in the online-only Data Supplement with characteristics of participants included/not included as provided in Table I in the online-only Data Supplement. Characteristics  for participants included in the study by AAC severity grouping is presented in Table 1 . AAC scores ranged from 0 to 17 with a median AAC24 score of 2 and interquartile range of 0 to 4. Participants who had previously smoked and those who used CVD medication were more likely to have higher AAC scores (Table 1 ).
AAC and Common Carotid Artery Intimal Medial Thickness
AAC 24 scores were positively correlated with both mean CCA-IMT (r s =0.124, P<0.001) and maximum CCA-IMT (r s =0.139, P<0.001) using Spearman rank correlation. Mean and maximum CCA-IMT was significantly higher in those with moderate (AAC24 scores, 2-5) and severe aortic calcification (AAC24 scores, >5) compared with those with low-AAC (AAC24 score, 0 or 1) before (Table 1 ) and after multivariable adjustment for baseline risk factors ( Figure 1 ). In multivariable-adjusted linear regression, the addition of AAC24 scores modestly improved the variation explained for mean CCA-IMT (traditional risk factor model r 2 =0.026 and traditional risk factor model with AAC24 score r 2 =0.037) and maximum CCA-IMT (traditional risk factor model r 2 =0.028 and traditional risk factor model with AAC24 score r 2 =0.040).
Diagnostic Performance of AAC for Focal Carotid Plaque
The C-statistic for AAC24 scores alone for carotid plaque and moderate carotid stenosis were 0.66±0.018 and 0.72±0.024 ( Table 2) . A maximum Youden index of 0.24 for carotid plaque and 0.33 for moderate stenosis was achieved with an AAC24 score of ≥3 and provided a sensitivity of 55% and specificity of 69% for carotid plaque and sensitivity of 71% and specificity of 62% for moderate carotid stenosis ( Figure  II in the online-only Data Supplement). Severe AAC (AAC24 score, ≥6) had a specificity of 90% for carotid atherosclerosis and 85% for moderate carotid stenosis, whereas low-AAC (AAC24 score, 0 or 1) had a sensitivity of 66% for carotid atherosclerosis and 80% for moderate carotid stenosis. The severity of AAC was strongly associated with the presence of carotid atheroma assessed by the presence or the absence of plaque and degree of focal stenosis in both unadjusted ( Table 2 ) and multivariable-adjusted models ( Table 3) . When participants were dichotomized by the presence of any AAC (AAC24 score 0 versus AAC24 score 1-17) those with any AAC were more likely to have focal carotid atherosclerotic plaques and stenosis (Table 3) . Similarly, participants with higher degrees of AAC were more likely to have carotid plaque and moderate stenosis compared with those with low-AAC24 score of 0 or 1 before and after adjusting for baseline risk factors participants (Table 3 ). In the 852 individuals with lipid profiles available, the inclusion of total cholesterol and high-density lipoprotein cholesterol in the multivariableadjusted models did not substantially alter the main findings (Table II and in further analysis, we added these commonly used medications to the traditional models. The addition of these medications did not substantially alter the main findings of the study (difference in C-statistic for plaque, +0.07; P<0.001 and moderate carotid stenosis, +0.10; P<0.001).
Addition of AAC24 Scores to Traditional Risk Factors
The addition of the presence of AAC24 scores to traditional cardiovascular risk factors markedly improved the C-statistic area under the curve from poor (0.60) to fair (0.68) for any plaque and from fair (0.62) to good (0.73) for moderate carotid stenosis ( Figure 2 ). Data on the category-based net reclassification improvements are shown in Tables 3 and 4 with overall improvements being 0.249 for plaque and 0.343 for moderate carotid stenosis. Reclassification plots with superimposed cut-points are shown in Figure IV in the online-only Data Supplement. Integrated discrimination was improved after the addition of AAC24 scores to traditional risk factors (0.064, P<0.001 for carotid plaque and 0.084, P<0.001 for moderate carotid stenosis). Model calibration was not significantly different (P<0.05) as assessed by the Hosmer-Lemenshow test for either plaque or moderate stenosis. Similarly, the inclusion of the AAC24 scores and the inclusion of the graded severity of AAC in 3 groups (low, moderate, and high) led to improvements to the C-statistic for plaque and 
Further Analyses
Interaction tests between baseline cardiovascular risk factors and AAC24 scores for any focal carotid plaque and moderate carotid stenosis identified significant interactions (P<0.1) between AAC24 scores and systolic blood pressure for any focal carotid plaque and body mass index and antiplatelet use for moderate carotid stenosis ( Table III in the online-only Data Supplement). Further sensitivity analyses excluding older women with a body mass index of >30 kg/m 2 (n=190), those with an epidermal growth factor receptor of <60 mL/ min per 1.73 m2 (n=252) or those with a history of atherosclerotic vascular disease (n=89) did not substantially change the overall results of the study (data not shown).
Discussion
Our findings demonstrate that vascular calcification identified from images obtained on a DXA machine are related to both CCA-IMT and focal carotid plaque before and after adjusting for traditional cardiovascular risk factors. These findings using a low-cost, minimal radiation technique support previous findings by others using higher radiation modalities that AAC are a marker of generalized atherosclerosis at other sites. 20, 21 However, these findings need to be confirmed in further studies using DXA-derived l images with other established measures of generalized atherosclerosis.
Another measure of vascular calcification, coronary artery calcification (CAC) score, assessed by CT has also been shown to be associated with increased CCA-IMT 22, 23 and carotid plaque 24 further supporting the concept that vascular calcification is related to both of these measures of subclinical atherosclerosis. Interestingly, focal plaque and intimal medial thickness may represent different stages of the pathological processes and provide different information about future cardiovascular risk, 7, 25, 26 suggesting AAC may capture aspects of both the early and the late pathological processes. As such, assessment of AAC may be useful as a surrogate end point for interventions targeting both early and late stage atherosclerosis.
The use of CT to calculate an Agatston score to quantify CAC 27 has been recommended to inform treatment decision on cardiovascular risk where traditional risk-based treatment decisions are uncertain. 28 Criqui et al 29 recently found AAC assessed by CT was a better predictor of CVD and all-cause mortality than CAC with independent and additive prognostic value for coronary heart disease and hard CVD events to CAC alone suggesting that AAC may be a better marker of extracoronary atherosclerosis than CAC. However, concerns about the cost and the radiation exposure of CT have prevented the implementation of widespread screening using this imaging modality. 28 Therefore, other modalities such as lateral spine images from DXA machines are needed. Lateral spine DXA imaging provide a substantially lower radiation exposure (0.013 mSv) compared with abdominal CT (8 mSv), 30 coronary artery CT (2.3 mSv), 31 and newer low-radiation multislice abdominal CT (1.5 mSv), 32 and therefore may be considered as a potential candidate for routine cardiovascular risk assessment in low to intermediate cardiovascular risk patients where there is currently no routine screening recommended. About agreement with other imaging modalities for aortic calcification, DXA-based AAC24 scores have good to very good agreement with radiography 33, 34 and moderate to good agreement with CT. 35, 36 The 2 studies comparing DXA-based AAC24 scores and standard radiographs were large studies with experienced investigators and reported intraclass correlation coefficient of between 0.80 and 0.82 33, 34 ; however, the studies comparing DXA-based AAC24 scores with CT were considerably smaller (n=40-100), and only 1 study reported an intraclass correlation coefficient of 0.93, 36 whereas the other study 35 used Spearman rank correlation (r s =0.58, P<0.0001), which does not measure agreement between tests. 37 Therefore, the evidence for the agreement between AAC by DXA-based techniques with CT remains limited.
Despite this, our results suggest that when clinicians detect moderate to severe calcification of the abdominal aorta on lateral spine images for osteoporosis screening, they should be aware that these individuals are likely to have generalized atherosclerosis at other vascular beds and consider appropriate CVD risk assessment and management. Conversely, if there is no or low calcification then these individuals are less likely to have atherosclerosis at other vascular beds allowing improved monitoring of patients and targeting of scarce healthcare resources.
Interestingly, we observed interactions between AAC24 scores and blood pressure for carotid atherosclerosis in elderly women with a stronger relationship in those with systolic blood pressure <140 mm Hg. Hypertension and vascular calcification represent 2 closely related processes with medial calcification thought to promote more widespread arterial rigidity and hypertension than intimal calcification. 38 Given this, the observed relationship between AAC and carotid atherosclerosis in elderly women with systolic blood pressure <140 mm Hg may be because of a greater proportion of elderly women with intimal calcification. This is consistent with the current view that intimal calcifications are more strongly related to atherosclerosis than medial calcification, which are thought to be because of arteriosclerosis. 39 Similarly, obesity and abnormal lipid profiles are recognized risk factors for intimal calcification, 3 whereas antiplatelet medications are used for atherothrombotic vascular disease and as such the observed interactions are likely to reflect the different causes of the vascular calcifications. However, because these are hypothesis-generating analyses the findings need to be confirmed in other studies.
The addition of AAC measures to traditional cardiovascular risk factors substantially improved all indices of classification of subclinical atherosclerosis using poisson regression, ROC analysis as well as the newer net reclassification and integrated discrimination, demonstrating that AAC is likely to be a surrogate marker of generalized atherosclerosis in elderly women independent of traditional risk factors. Indeed, the use of AAC24 scores alone yielded substantially better discrimination of individuals with carotid atherosclerosis than traditional cardiovascular risk factors alone, whereas the addition of AAC24 scores to traditional risk factors led to 1 in 3 participants being correctly reclassified at lower risk. The reclassification of low-risk individuals is particularly important because it identifies a population that is unlikely to receive any net benefit from interventions and provides a rationale for less intensive clinical management. However, despite correct reclassification in low-risk individuals without carotid atherosclerosis, there is insufficient evidence to determine whether AAC24 scores from DXA machines can improve current CVD risk prediction.
About strengths and limitations of the study, the strengths include the representative nature of the cohort of elderly women who had assessment of traditional cardiovascular risk factors, B-mode carotid ultrasound, and AAC assessed by a single highly experienced investigator (J.T.S.) blinded to the B-mode carotid ultrasound measures of atherosclerosis. B-mode carotid ultrasound is a highly sensitive measure of both early and late subclinical atherosclerosis, 40 and it is considered to indicate the degree of generalized atherosclerosis, 9 as well as providing insights into the development of vascular pathology. Next, lateral spine imaging using DXA machines are cost-effective for fracture prediction 41 and have been approved for the assessment of some patients referred for osteoporosis diagnosis. 42 Indeed, the age group of women who were participants in this population-based cohort commonly have DXA assessments performed to assess fracture risk. Evaluation of these images not only for fracture but also for AAC burden may further improve the cost/benefit ratio of this procedure, leading to improved targeting of limited healthcare resources.
However, the following limitations must also be mentioned. First, the study was observational and as such we cannot rule out bias, especially given the carotid ultrasound measurements were performed after the lateral spine imaging and the women who did not attend the year 3 carotid ultrasound measurements had higher baseline cardiovascular risk. Second, the AAC24 point scale scoring system is semiquantitative and operator dependent; however, for this study a single highly experienced investigator (J.T.S.) read all images. Indeed, a previous study demonstrated good interoperator agreement between J.T.S. and another experienced investigator with intraclass correlation coefficients of 0.89 (95% confidence interval, 0.80-0.94) for AAC24 scores. 43 In addition, this study did not assess atherosclerosis and calcification at other vascular beds using established methodology such as coronary artery or thoracic aortic calcification by CT, and as such further studies are needed to validate these findings. Finally, this cohort consisted of elderly white women with an average age of 78 years at carotid ultrasound measurement and these findings need to be confirmed in younger cohorts, different ethnicities, and elderly men.
In conclusion, we demonstrated AAC scores identified on images from a DXA machine were associated with established measures of generalized extracoronary atherosclerosis. AAC scores were independently and additively predictive for carotid atherosclerosis compared with traditional cardiovascular risk factors, including age, smoking, body mass index, systolic blood pressure, antiplatelet medications, atherosclerotic vascular disease, diabetes mellitus, and prescription of antihypertensive medication.
